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TOOTH ENAMEL REPRESENTS the highest mineralized tissue in the body. It is fairly unknown how it is possible to deposit hydroxyapatite crystals in the protein matrix secreted by the ameloblasts and-once the matrix secretion has ceased-to let these crystals grow to a mineral content of the enamel of almost 96% by weight. When the full thickness of the enamel in rats is laid down, the mineral content is on average 30% by weight. To achieve a fully mineralized tissue, it is necessary to replace most of the water and the protein matrix with mineral. This is accomplished by a substantial growth of the hydroxyapatite crystals in width and thickness (30) . In humans, the stage of enamel maturation can last for up to 4 yr in the permanent dentition. Extensive reviews have focused on molecular mechanisms of dental enamel formation (42) , cellular and chemical events during enamel maturation (6, 14, 23, 27, 43, 50) , and calcium transport across the enamel epithelium (13) . Despite all the effort reflected in the reviews, we are far from understanding the functional role of the enamel epithelia during enamel maturation.
The continuously growing rat incisor ( Fig. 1 ) is a suitable model for studying amelogenesis since the incisor maintains a continuous ameloblast layer containing the entire sequence of developmental stages associated with enamel production (60) . After completion of protein matrix secretion, the ameloblasts rapidly reorganize their cytoplasmic organelles and form a basal lamina toward the enamel surface (28, 48) . In this preeruptive enamel maturation stage, the ameloblasts change between periods with deep infoldings of their distal cell membranes, designated ruffle-ended ameloblasts (RA cells), and periods without such membrane modification, termed smoothended ameloblasts (SA cells) (18) . Moreover, the location of the tight junctions differs between ameloblasts in RA and SA conformations. In the RA conformation the tight junctions are located close to the surface of the enamel, whereas in the SA conformation the tight junctions are located at the opposite end of the ameloblasts (18) . How these cellular modulations are regulated, and how they control enamel matrix removal as well as regulate enamel mineral deposition and crystal growth, is so far not known.
The function of the cell layers adjacent to the ameloblasts in the enamel organ during matrix formation and enamel maturation is yet to be clarified. During the transition from the stage of enamel secretion to enamel maturation, the cells forming stratum intermedium, stellate reticulum, and outer enamel epithelium ( Fig. 1 ) transform themselves into the papillary cell layer, which consists of uniform, mitochondrion-rich cells of highly irregular shape (19, 20) . A capillary network is deeply invaginated into the papillary cell layer without disrupting the basal lamina covering the outer surface of the enamel organ.
In the rat, an ameloblast modulation cycle lasts ϳ8 h in the continuously erupting incisors. The ameloblasts spend a 4-h period as ruffle-ended cells before they instantly transform themselves into the smooth-ended type for the next 2 h, after which they then spend another 2 h to recreate a new ruffleended distal cell membrane surface. The net pH at the enamel surface seems closely related to the morphology of the ameloblasts (39, 47) . During the RA phase the enamel beneath these cells appears acidic (ϳpH 6), while it changes to near neutral pH when the SA cells cover the enamel surface (46) .
The aim of our study was to conduct an immunohistochemical investigation of selected membrane transport proteins and related proteins of particular importance to understanding of the cellular physiological processes that control enamel maturation.
MATERIALS AND METHODS
Antibodies. The primary antibodies used are listed in Table 1 . References are given in the table for the initial description and characterization of the antibodies. For the antibody against connexin 43 (Cx-43) (Abcam Ab11370), documentation for the use of this antibody in immunohistochemistry is available at www.abcam.com. The antibody against the a1-subunit of vacuolar-type H ϩ -transporting ATPase (V-ATPase) is also commercially available from Aviva Systems Biology (www.avivasysbio.com). It is raised against the amino acid sequence RDLNPDVNVFQRKFVNEVRRCEEMDR-KLRFVEKEIRKANIPIMDTGENPE corresponding to amino acids 37-86 of the human a1-subunit of V-ATPase and gives a single band on a Western blot (www.avivisysbio.com). Besides the reported labeling of ameloblasts, osteoclasts in neighboring bone also showed positive cytoplasmic immunoreaction with the antibody in accordance with the expected distribution of V-ATPase (55), thus supporting the specificity of the antibody. Preabsorbing the antibody with the peptide before immunolabeling inhibited the labeling in the enamel organ and osteoclasts, documenting the sensitivity of the antibody to the immunogenic epitope.
Immunohistochemistry. Eight male ϳ110-g Wistar rats (Taconic Europe, Ejby, Denmark) were anesthetized with 20% chloral hydrate (0.2 ml/100 g body wt) and perfused through the left ventricle with lactated Ringer solution for 1 min, followed by 4% paraformaldehyde in 0.08 M sodium cacodylate buffer containing 0.05% CaCl 2 (pH 7.3) for 10 min. After perfusion, the jaws were removed and further fixed by immersion in the same fixative overnight at 4°C. The jaws were decalcified in 4.13% EDTA for 3 wk and then washed in several changes of 0.1 M sodium cacodylate buffer (pH 7.3). The jaws were trimmed of excess bone, and the mandibular jaws were cut into two cross-sectional segments. The tissues were dehydrated and embedded in paraffin wax, and 2-m-thick sections were cut with the use of a rotary microtome (Leica, Heidelberg, Germany). The sections were dewaxed and rehydrated, and endogenous peroxidase was blocked by 0.5% H2O2 in absolute methanol. To reveal antigens, the sections were boiled in 1 mM Tris, pH 9, supplemented with 0.5 mM EGTA, in a microwave oven. Nonspecific binding of immunoglobulin was quenched by incubating the sections in 50 mM NH4Cl and blocked in PBS with 1% bovine serum albumin (BSA), 0.05% saponin, and 0.2% gelatin. The sections were incubated overnight at 4°C with primary antibodies diluted in PBS with 0.1% BSA and 0.3% Triton X-100. After being washed, the sections were incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (Dako) in PBS with BSA and Triton X-100. The peroxidase stain was visualized by 0.05% 3,3=-diaminobenzidine tetrahydrochloride dissolved in PBS with 0.1% H2O2. Mayer's hematoxylin was used for counterstaining, and the sections were dehydrated in graded alcohol and xylene and mounted in hydrophobic Eukitt mounting medium (O. Kindler, Freiburg, Germany). Microscopy was performed on an Olympus BH2 brightfield microscope equipped with a Nikon D1 digital camera. Immunolabeling using fluorescent secondary antibodies (Alexa 488 and Texas red goat anti-rabbit; Molecular Probes) was performed as for peroxidase, except that the blockade of endogenous peroxidase was omitted and mounting of hydrated sections was done with Glycergel (Dako) supplemented with 1,4-diazabicyclo-[2. Numbers in parentheses are rabbit identification numbers. In the secretory stage the enamel organ is made up of several cell layers: ameloblasts (Am), stratum intermedium (SI), stellate reticulum (SR), and outer enamel epithelium (OEE). During the long-lasting process of enamel maturation, ameloblasts cyclically change structure and function between ruffle-ended ameloblasts (RA) and smooth-ended ameloblasts (SA). Here the enamel organ also comprises the papillary layer (PL) being deeply invaginated by a capillary network.
Immunogold electron microscopy. Two male ϳ170-g Wistar rats were anesthetized by isoflurane inhalation and perfusion fixed through the left ventricle with 4% paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 7.2. The hemimandibles were removed, cleaned of surrounding soft tissues, and fixed by immersion in the same fixative for 1 h at 4°C. The alveolar bone covering the incisors was removed to the level of the cemento-enamel junctions (16). The enamel organs were then stripped from the labial surfaces of the incisors with an arched razor blade and transferred to 0.1 M sodium cacodylate buffer (pH 7.2). Small tissue blocks cut out from the maturation zone of the enamel organ strips were infiltrated overnight with 2.3 M sucrose in 0.01 M PBS, mounted on holders, and rapidly frozen in liquid nitrogen. The tissue blocks were cryosectioned with a Reichard FCS Reichertultracut S (Leica Microsystems, Wetzlar, Germany) at Ϫ120°C. The ultrathin cryosections were labeled with monoclonal Na ϩ -K ϩ -ATPase ␣1-subunit (Upstate) before incubation with goatanti-mouse IgG conjugated to 10-nm colloidal gold particles. Sections were uranyl acetate stained and examined in a Philips Morgagni 268 D transmission electron microscope.
Animal experiments. The animal experiments were performed according to animal experiment permission number 2005/561-1032 issued by the Danish Ministry of Justice. The Aarhus University Department of Anatomy approved the work to be performed in its facilities.
RESULTS

Immunolocalization of Na
-ATPase was distributed in the cells of the outer cell layers of the enamel organ in both secretory and maturation stages but not in ameloblasts throughout the entire process of amelogenesis (Fig. 2) . In early secretion, immunoreaction for Na ϩ -K ϩ -ATPase was restricted to the outer enamel epithelium and the peripheral portion of the stellate reticulum and gradually expanded toward stratum intermedium by the end of the secretory stage ( Fig. 2A) . In the maturation stage, cells in the well-developed papillary layer all showed intense immunoreactions, and no difference in intensity was noted between RA and SA phases (Fig. 2, B and C) . Transmission electron microscopic immunocytochemistry clearly showed colloidal gold immunolabeling of Na ϩ -K ϩ -ATPase along the plasma membrane of papillary cells (Fig. 2D) . A: immunoreaction for Na ϩ -K ϩ -ATPase appeared in the outermost cell layers of the enamel organ (double arrow) during the secretory stage (Secr). B and C: in the following stage of maturation, all cells of the papillary layer (PL) displayed equally intense immunoreaction for Na ϩ -K ϩ -ATPase at both RA and SA regions. No labeling was observed in the ameloblasts throughout the enamel organ. D: immunogold electron microscopy of papillary layer cell. Anti-Na ϩ -K ϩ -ATPase gold labeling was observed along the irregular folded plasma membrane (arrows). IS, intercellular space. E: immunolocalization of Cx-43 in longitudinal section of rat incisor enamel organ at the border zone between RA and SA. Numerous immunoreactive sites of Cx-43 in the papillary layer were punctuate or granular, while those in the ameloblast layer and between ameloblasts and papillary layer were predominantly large macular in profile. Note that the large macular reaction sites between RA cells and SA cells were in close proximity to cell nuclei and that a similar reaction also was seen in the ruffled border zone of RA (arrows). Connexin 43 expression in the enamel organ. Distinct immunoreaction for Cx-43 was distributed throughout the enamel organ engaged in enamel maturation (Fig. 2E) . A large number of punctuate or granular reactions for Cx-43 were located in the cells of the papillary layer, while large macular-type immunoreactions were predominant in the ameloblast layer and also at the border zone between ameloblasts and papillary cells at both RA and SA regions. The Cx-43-positive large macular structures between ameloblasts were mostly located in close proximity to the nuclei of both types of ameloblasts. Macular-type reactions were also prevalent at the lateral cell boundary of RA at the level of the ruffled border. The diffuse immunoreaction seen at the distal part of RA with the use of peroxidase-coupled antibodies is nonspecific staining, as it was not present when fluorescence-coupled secondary antibodies were used (Fig. 2F) .
Carbonic anhydrase II expression. Diffuse immunoreaction for carbonic anhydrase II (CA II) was not found in secretory ameloblasts but was seen in maturation ameloblasts (Fig. 3A) . There was a highly positive reaction in the cytoplasm of both RA and SA through the entire maturation stage (Fig. 3, C and  D) . No immunoreactions for CA II appeared in the cells of the papillary layer or in the ruffled border of RA (Fig. 3C) .
Cyclic expression of vacuolar-type H ϩ -transporting ATPase a1-subunit. In the enamel organ, the immunoreaction for VATPase a1-subunit was located exclusively in the ameloblasts of the maturation stage (Fig. 3B) . The strongest reaction was seen in the ruffled border of RA (Fig. 3E) , but immunoreaction for V-ATPase was also evident in cytoplasm of the distal cell end of SA (Fig. 3F) . Immunolabeling was identical with fluorescence-conjugated secondary antibodies (data not shown). Immunoelectron microscopy showed the V-ATPase a1-subunit to be localized at the plasma membrane of the distal end of RA. In contrast, in SA, the distal plasma membrane was devoid of gold particles. In addition, gold particles were present in intracellular membrane-bound structures (data not shown).
Expression of AE2 in enamel organ. AE2 was not expressed in secretory ameloblasts, but moderate AE2 immunoreactivity was located in the peripheral cells of the enamel organ, with a decreasing gradient of reactions toward the stratum intermedium (Fig. 4A) . In the maturation stage, AE2 was not expressed in the papillary layer but appeared in the ameloblasts and Fig. 4 . Immunolocalization of AE2, NBCe1, and NHE1 in rat incisor enamel organ. A: AE2 immunolabeling was not seen in secretory ameloblasts (Secr) but was observed in the outermost cell layers of the enamel organ (arrow). B and C: in the maturation stage AE2 labeling was almost invisible in the papillary layer (PL) but intense along the lateral membrane domains in both RA and SA cells. In the case of SA cells, however, the reaction was most pronounced in the basal portion of these membrane domains (C). D-F: anti-NBCe1 immunolabeling was seen exclusively in the outer, nonameloblast cell layers of the enamel organ throughout amelogenesis. In the secretory stage (D), labeling was most pronounced in the outermost cell layers of the enamel organ (double arrow). In both RA (E) and SA (F) regions of the maturation stage the antibody stained the entire papillary layer (PL) with a gradient of intensity toward the ameloblast layer. This gradient may reflect variable conservation of the antigen in the section. G-I: anti-NHE1 immunolabeling was, contrary to NBCe1, restricted to the ameloblast layer throughout amelogenesis and was seen along basolateral membranes of secretory ameloblasts (G) as well as RA (H) and SA (I). Double arrow, outer nonlabeled layers of enamel organ; PL, papillary layer; arrowheads, nonspecific staining of basal lamina. A-I: scale bars, 20 m.
extensively stained the lateral plasma membrane domain of the RA cells (Fig. 4B) . In the SA cells the labeling for AE2 appeared limited to the basal portion of lateral membranes (Fig. 4C) . The concise immunolabeling of lateral membranes and the virtual absence of labeling in the papillary layer were confirmed with fluorescent secondary antibodies (data not shown).
Expression of Na ϩ -HCO 3 Ϫ transporters in enamel organ. In the stage of enamel secretion, the most peripheral cells of the enamel organ exhibited positive staining reaction for the electrogenic Na ϩ -HCO 3 Ϫ cotransporter NBCe1 but with a decreasing gradient of expression toward the stratum intermedium (Fig. 4D) . In the maturation stage, all cells in the papillary layer were positive for NBCe1, but with less intensity in the most peripherally located cells (Fig. 4, E and F) . Immunoreaction for the electroneutral Na ϩ -HCO 3 Ϫ cotransporter NBCn1 (data not shown) exhibited uniform distribution of intense membrane-associated reactions in all nonameloblast cell layers of the enamel organ, but the immunoreactivity in these cells was much weaker in the secretory stage relative to that in the maturation stage. Ameloblasts did not show any immunoreactivity for antibodies directed against NBCn1.
Expression of Na
ϩ /H ϩ exchanger NHE1. A strong immunoreaction for the Na ϩ /H ϩ exchanger NHE1 was located along lateral plasma membranes of ameloblasts in both secretory and maturation stages (Fig. 4, G-I ). Distal and basal membranes of maturation-stage ameloblasts including that of the ruffled border in RA did not show significant reactions (Fig. 4, H and I) . Cells of the papillary layer only showed trace reactions for this antibody along the cell membranes (Fig. 4, H and I) . Except for the absence of weak labeling along the distal surface of the ameloblasts, immunolabeling was identical with fluorescent secondary antibodies (data not shown).
DISCUSSION
Most studies on transporters in the enamel organ have focused on how Ca 2ϩ is transported into the forming and maturing enamel (2, 3, 6, 9, 13, 35, 40, 49, (51) (52) (53) (54) . So far, few papers have dealt with the presence of a limited number of pumps, channels, or exchangers in the enamel organ (5, 24, 25, 31, 32, 45) .
Our data on the distribution of Na ϩ -K ϩ -ATPase during amelogenesis in principle support the cytochemical studies by Garant and Sasaki (11) , who demonstrated ouabain-sensitive, K ϩ -dependent p-nitrophenyl phosphatase activity at the ultrastructural level. However, we observe that Na ϩ -K ϩ -ATPase expression is entirely confined to and widespread in the papillary layer during enamel maturation. The rich vascularization and massive abundance of Na ϩ -K ϩ -ATPase in the papillary layer suggest that the Na ϩ -K ϩ -ATPase pumping activity of these cells plays a pivotal role in the function of the enamel organ. However, the stellate cells of the papillary layer do not form a sheet of cells capable of performing a classical transepithelial transport function. In contrast, the ameloblasts form a tight surface epithelium toward the maturing enamel but appear devoid of Na ϩ -K ϩ -ATPase immunoreactivity. The cyclic conformational changes of the ameloblasts may hold the key to understanding this conundrum, since because of the morphology of SA-phase ameloblasts (with tight junctions located at the basal pole) a very limited area is available for Na ϩ -K ϩ -ATPase activity on the membrane facing the intercellular space. Following this lead, we hypothesize a syncytial mode of function, allowing the ameloblasts to rely on Na ϩ -K ϩ -ATPase activity in the papillary layer to maintain negative cell potential and electrochemical Na ϩ gradient, during all stages of the ameloblast modulation cycle. Such coupling between cytosols is usually mediated by gap junctions (21) .
Accordingly, we investigated the presence of gap junctions and found particularly well-defined macular-type Cx-43 structures along the cell communication area between the papillary cell layers and the proximal ends of the ameloblasts. The distribution of Cx-43 throughout the enamel organ strongly suggests that all epithelial cells in this organ are able to operate in a concerted action through direct flow of low-molecularweight cytoplasmic carrier molecules between adjacent cytoplasmic compartments. Previously, Sasaki and Garant (41) studied annular gap junctions in the papillary layer, and Inai et al. (15) found that Cx-43 is expressed somewhat differently in secretory ameloblasts compared with maturation ameloblasts. However, those authors have not considered the epithelial cell layers as a functional entity. In addition to electrical coupling of adjacent cells, it has been shown that Cx-43 gap junctions permits passage of solutes Ͻ1 kDa (8) . H ϩ permeation through ventricular gap junctions occurs via mobile buffer molecules that carry the ion though the channels (62) . Such H ϩ communication offers a mechanism for equalizing local differences in intracellular pH (pH i ) in cardiac cells and thereby maintaining a pH i syncytium throughout the myocardium (58) . Thus the Cx-43 may just as well play a role for the function of the processes discussed below.
In this study, we found expression of CA II and V-ATPase only in the maturation stage. This is in line with previous immunohistochemical results of Toyosawa et al. (56) and Lin et al. (24) . Also, V-ATPase has previously been described in maturation ameloblasts, where immunoelectron microscopy showed it to be present in the ruffled border of RA cells and to be present in intracellular vesicular structures in the SA cells (24) . Our study confirms these findings. Functionally it was suggested that the RA cells secreted protons produced by CA II via H ϩ -ATPase to activate hydrolytic enzymes involved in degradation of organic enamel matrix (24) .
We report that papillary cells and ameloblasts in the maturation stage express at least four plasmalemmal ion transport proteins for pH i regulation (58): the acid loader AE2 and the acid extruders NBCn1 and NHE1, as well as the bidirectional NBCe1. NBCn1 and NBCe1 were localized to the papillary cells, while AE2 and NHE1 were found in the ameloblasts (Fig. 5) . In the case of papillary cells, the presence of membrane proteins specialized for HCO 3 Ϫ transport may be seen as a reflection of the cells' capacity to defend pH i in a changing extracellular environment. The cytoplasmic coupling via Cx-43-containing gap junctions to ameloblasts, which experience significant fluctuation in extracellular pH at the enamel surface (39, 46) , may further accentuate the role of these proteins in the function of the entire enamel organ. In the case of ameloblasts, the localization of AE2 and NHE1 to the lateral surfaces has intriguing implications for the functional interpretation of the results, since this membrane domain is facing the intercellular space of the papillary cells in the RA phase and subsequently the enamel during the SA phase (18) . The potential contribution of these transporters to the net transport of acid equivalents to the enamel is thus reciprocal between the two stages, in accordance with the reciprocal changes in enamel pH.
On the basis of our and previous observations, we suggest a new functional interpretation of the enamel organ in the maturation stage. In our view, H ϩ is pumped by the ruffled border H ϩ -ATPase toward the maturing enamel surface, which becomes acidic-around pH 6 according to Sasaki et al. (39) and Takagi and Aoki (46) . The proton extrusion most likely occurs in parallel with Cl Ϫ excretion, possibly mediated by CFTR, which has been reported from the ruffled border (4). Moreover, mice without CFTR show enamel defects (61) , which may result from defective acid secretion by ameloblasts (45) . The source for H ϩ is likely the catalytic activity of CA II resulting in both HCO 3 Ϫ and H ϩ production. In analogy to the osteoclast, HCO 3 Ϫ would be exported by AE2 (in exchange for Cl Ϫ ) into the lateral intercellular spaces between RA cells. This functional scheme has also been suggested based on studies of AE2 a,b knockout mice (25) . During the RA phase, the lateral intercellular spaces between RA cells are sealed off from the enamel surface by tight junctions but are open toward the extensive intercellular spaces in the papillary cell layers. The addition of HCO 3 Ϫ to this compartment maintains a buffering potential ready to act on the enamel surface when ameloblasts change conformation to the SA phase. This shift involves a unique relocation of the zonulae occludentes from the distal enamel-facing pole of the cells to the proximal pole facing the papillary cells. As a consequence, the intercellular spaces open toward the enamel in the SA phase, allowing the fluid volume between the ameloblasts access to the enamel. The opening of these ameloblast "sluices" also allows the acidified matrix breakdown product to pass into the spaces between the ameloblasts, where it mixes with the HCO 3 Ϫ -containing intercellular fluid, resulting in abrupt neutralization of the enamel surface. Within hours (43) , the zonulae occludentes are reformed at the pole facing the enamel and disappear at the proximal pole of the ameloblasts, so the RA conformation is reformed. This relocation of the tight junctions allows degraded organic enamel matrix in the "sluice chamber" between the ameloblasts access to the intercellular spaces between the papillary cells. The papillary cells and RA cells, which share the feature of a large membrane surface facing the intercellular space, are rich in lysosomal structures (36, 37) , which indicates that they play a role in the further degradation process of organic enamel matrix. When RA cells modulate to SA cells, the labeling pattern of H ϩ -ATPase changes in accordance with the previously shown internalization of the proton pumps (24) . At no time is there a direct communication between the intercellular compartment facing the enamel surface and that of the papillary cells (29) . The morphological changes of the ameloblasts thus allow controlled directional transport of bulk fluid through their lateral intercellular spaces.
In our data the labeling intensity of AE2 was markedly reduced in SA cells compared with RA cells in accordance with a weak or negative immunostaining of AE2 in SA bands of mouse incisors observed by Bronckers et al. (5) . In AE2 a,bdeficient mice, Lyaruu et al. (25) have demonstrated that absence of AE2 a,b interferes with the final mineralization of enamel, resulting in less mineral and more protein than in wild-type enamel. In our view, their findings most likely indicate an impaired function of acid secretion by the RA cells either due to intracellular shortage of chloride ions or to intracellular accumulation of bicarbonate. In any case, the final result is a less acid pH at the enamel surface than normal. It is noteworthy that AE2-deficient mice also present with dysfunctional osteoclasts (17) . Similarly, in renal intercalated type-A cells the basolateral anion exchanger AE1 is essential for apical proton secretion by H ϩ -ATPase (44). Our model contradicts parts of the enamel literature, where it is the predominant view that the decrease of pH in the enamel surface is a result of protons created within the enamel as a result of growth of the hydroxyapatite crystals (42, 43) . Moreover, the HCO 3 Ϫ generated by the activity of CA II has been envisioned as the main buffer necessary to neutralize the protons created within the enamel (43) . In our view, CA may still play this role, since HCO 3 Ϫ generated during the RA phase is allowed access to the enamel during the SA phase. More- over, additional HCO 3 Ϫ may be generated in the ameloblasts and added to the enamel during the SA phase by the anion exchanger AE2. The local acid secretion by the RA cells most likely serves a specific function. By lowering the pH by as much as 1 pH unit, the solubility products in the outermost enamel surface will be highly influenced. Therefore the surfaces of the growing crystals in the surface layer will be subject to considerable ion exchange (1) , and the growth rate of the crystals here will be slowed down, allowing the intercrystalline diffusion pathways to remain open so that the broken-down matrix proteins can be removed gradually from within the enamel and calcium and phosphate ions diffuse into the subsurface enamel. The pH fluctuations may also facilitate the growth of large hydroxyapatite crystals by providing cyclically fluctuating crystallization conditions, which allow only the most stable (and pure) parts of the crystals to pass through each cycle. This principle is known from other crystallizing systems (34) .
In conclusion, we suggest a new view of the enamel organ as an electrically coupled functional whole in which the papillary cells provide Na ϩ -K ϩ -ATPase activity for the ameloblasts. The division of labor between the cell layers allows the ameloblasts to perform their cyclical morphological and functional changes. In our view, these cyclical changes allow the ameloblasts to build up an acidic enamel surface zone during the RA phase and then abruptly raise enamel surface pH by releasing HCO 3 Ϫ -rich intercellular fluid to the enamel surface during the shift to SA phase. The rapid modulation from RA to SA forms a "flushing wave" of sluice openings moving repeatedly along the enamel surface, allowing cyclic variation in enamel surface pH and possibly bulk removal of the remains of matrix proteins.
